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Azole derivatives as novel non-iron-chelating inhibitors
of prolyl hydroxylase 3 for HIF-1 activation}

Jing Cao,}? Xiaoyan Ma,}? Xiaoxin Wang,? Xiaobo Wang,? Zhong Zhang,”
Zhirong Geng™*® and Zhilin Wang™®

Prolyl hydroxylase 3 (PHD3) controls hypoxia-inducible factor-1 (HIF-1) degradation by oxygen dependent
hydroxylation. PHD3 inhibitors are potential targets for HIF-1¢. activation, thereby treating a number of
HIF-related diseases. We herein rationally designed a novel scaffold for PHD3 inactivation under the
guidance of enzyme-ligand docking simulation studies. The potent inhibitors were able to non-covalently
bind to the active site of PHD3, and to stabilize the core domain resisting to trypsin proteolysis. The
conformational changes of the protein occurred concomitant with inhibitor binding, which thus
deactivated the enzyme. The up-regulated levels of HIF-1a. protein and downstream genes (glucose
transporter-1 (GLUT-1) and vascular endothelial growth factor (VEGF)) suggest that the PHD inhibitors
manage to mimic the cellular signalling effects of hypoxia. Interestingly, unlike available PHD inhibitors,
the iron-chelating motif is not found in all azole compounds, among which we identified a unique
compound 1-(2-(1H-benzo[d]imidazol-2-yl)ethyl)-1H-benzo[d][1,2,3]triazole (BEBT) as the most effective
inhibitor. BEBT binds to the enzyme with the lowest predicted binding energy, and activates HIF activity
most significantly in cellular systems. This novel non-iron-chelating inhibitor offers a new target for the
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Introduction

Hypoxia-inducible factor 1 (HIF-1) is a transcription activator
dominating in the regulation of cellular and systemic oxygen
homeostasis.* HIF prolyl hydroxylase 3 (PHD3), a member of the
iron-containing 2-oxoglutarate (20G)-dependent-oxygenase
superfamily,>® catalyzes HIF hydroxylation and activates the
proteasomal degradation of HIF-1a. under normoxic condi-
tions.* Inhibiting the PHD3 activity positively modulates the
levels of HIF, thereby activating a broad range of transcriptional
genes involved in hypoxia responses such as angiogenesis,
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drug design towards hypoxia-related diseases therapy with possibly minimized iron-relating side effects.

glucose metabolism etc.>* Small molecule drugs that stabilize
HIF through PHD3 inhibition are novel targets for treating a
variety of hypoxia-related diseases.®*” Three types of small
molecules have been predominantly reported to inhibit PHD
activity, ie. metal ions,* proline analogues'™ and iron
chelators™™* such as 2-OG analogues.'*** These inhibitors lead
to enzyme inactivation by competing with the necessary cofac-
tors for PHD activity.® Metal ions such as cobalt also deplete
intracellular ascorbate,*>** and proline analogues have not been
extensively studied in vivo. All mimetics of 2-OG share a similar
iron chelation motif with two oxygen or nitrogen atoms coor-
dinating iron(u) in a bidentate manner. However, iron chelators
can bind nonspecifically to other iron-containing proteins or
iron ions, which may be therapeutically undesirable for HIF
activation because iron is an essential cofactor for a host of
important cellular functions.” Other inhibitors that do not
belong to the three groups above, such as spirohydantoins® and
TM6089,” have also been investigated. Their performances in
erythropoietin up-regulation or angiogenesis induction have
been previously assessed, but the binding behaviors with PHDs
have seldom been discussed.

Therefore, we initially set out to design and develop a new
series of low-iron-affinity PHD3 inhibitors under the structural
guidance of enzyme-ligand binding. Numerous categories of
azole compounds have been identified as therapeutic agents in
various life processes and diseases such as antioxidants, neu-
roprotection, vasotropic agents etc.,”*>' but the drug targets

This journal is © The Royal Society of Chemistry 2013
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Scheme 1 Structure formulae of azole compounds.

remain unclearly defined. Furthermore, benzimidazole-2-pyr-
azole derivatives have been identified to stimulate erythropoi-
etin secretagogues for promising treatment of anemic
conditions, and their inhibitory activities against PHD do not
result from metal center depletion,*** suggesting the potential
advantages of azole compounds in inhibiting PHD activity and
circumventing iron-related side effects simultaneously.
However, the attempts to guide drug design suffer from insuf-
ficient structural information on azole compounds as PHD
inhibitors.

Thereby motivated, we herein constructed a series of azole
derivatives (Scheme 1) by functionally modifying the basic azole
structure with different moieties, and thoroughly evaluated
their inhibitory activity and preferential binding modes to
PHD3. Particularly, all the azole compounds are not iron-
chelators. The inhibition can be attributed to the stabilized
PHD3 core domain and the altered enzyme conformation.
Besides, the regulatory effects of the novel PHD3 inhibitors on
the levels of HIF and hypoxia-related genes were also studied.
Especially, 1-(2-(1H-benzo[d]imidazol-2-yl)ethyl)-1H-benzo[d]-
[1,2,3]triazole (BEBT) suppressed the PHD3 function most
significantly, which not only inactivated the PHD3 activity in
vitro, but also stabilized HIF-1a and up-regulated HIF-target
genes in cellular systems. Notably, unlike the reported 2-OG
analogues, the carboxylic acid group is not involved in the BEBT
structure, which validates the hypothesis that the moiety is
dispensable for PHD3 inhibitors. We herein highlight BEBT as a

Table 1 Predicted affinity energy of azole compounds
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new structural guidance to investigate PHD inhibition,
attempting to avoid iron-related side effects by azole derivatives.

Results and discussion
Binding modes and inhibition potency

To investigate the possible binding modes of inhibitors to
PHD3, eight azole compounds (Scheme 1) were docked into the
active site of the simulated PHD3 model. The effects of the azole
compounds on the PHD3 catalytic activity were studied as
previously reported.** The compounds fitted well in a predom-
inantly hydrophobic pocket of PHD3 formed by residues in the
active site. The compounds preferentially bound to the active
site of PHD3 through hydrogen bonds and hydrophobic inter-
actions with the residues in the hydrophobic pocket. The study
on this set of potential PHD3 inhibitors in vitro was initiated
with the 3-(xazol-1-yl)propanoic acid motif, which remarkably
resembles that of histidine. The O2 of the carboxyl group of IPA
is located close to the iron of the catalytic center, which may
form a secondary bond** measuring 2.3 A (Fig. S1at). As shown
in Table 2, IPA inhibited PHD3 with an ICs, value of 25.8 uM
(Fig. S3at) and bound the PHD3-Fe®" complex with a dissoci-
ation constant of 5.44 x 10~> M (Fig. S3et). TPA, which has one
more nitrogen-containing azole ring than IPA, was supposed to
be more prone to bind to PHD3 more firmly. In fact, TPA bound
to PHD3 adopting different optimal conformations with IPA, via
more hydrogen bonds, but the docking energies remained
similar (Table 1). A possibly secondary bond between TPA and
the iron center formed as well, but via the N2 of the triazole ring
(Fig. S1bt). As a result, TPA did not lower the inhibitory activity
or increase the binding affinity compared with IPA (Table 2,
Fig. S3b and S3f¥). In other words, only adding a nitrogen atom

Table 2 Inhibitory activity and binding affinity of azole compounds against
PHD3 detected by fluorescence-based assay

Kq Kq
IC50/UM (PHD3-Fe*")/uM (PHD3-Fe*"-NOG)/uM
IPA 25.8 5.44 X 107° —
TPA 33.5 7.84 x 10°° —
BIPA 10.2 1.52 x 107° 4.69 x 107°
BTPA 2.29 3.47 x 10°° 1.42 x 10°°
BI >100 — —
BT >100 —a —a
TEB 2.90 5.67 X 107° 2.02 X 107°
BEBT 4.73 7.34 x 10°° 8.34 x 107°

% —: value cannot be calculated.

IPA TPA BIPA BTPA BI BT TEB BEBT
Affinity/kcal mol —5.3 —5.5 -5.3 —6.9 —4.5 —4.2 —7.4 -9.3
RMSD L. b.” 0 0 0 0 2.019 4.459 0 0
RMSD u. b. 0 0 0 0 3.987 9.138 0 0

“ RMSD represents the root-mean-square deviations of lower bound (1. b.) and upper bound (u. b.) against the best predicted conformation.

This journal is © The Royal Society of Chemistry 2013
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to the azole ring, which was supposed to increase the binding
affinity, does not actually increase the inhibitory potency due to
the binding mode changes. Increasing the hydrogen bonds of
TPA is accompanied by reduced hydrophobic interactions
relative to those of IPA.

Thus a 3-(1H-benzo[d]xazol-1-yl)propanoic acid scaffold,
including compounds BIPA and BTPA, was subsequently
studied. BIPA did not lower the predicted binding energy
(Table 1) by mild hydrophobic interactions with eight residues
and one hydrogen bond with Tyr132 (Fig. S2ct). In contrast,
the predicted binding energy of BTPA was —6.9 kcal mol ,
which is significantly lower than those of TPA and BIPA
(Table 1). The C1 of benzimidazole is 2.9 A away from the iron
center (Fig. 1a). Eleven residues of PHD3 hydrophobically
interacted with BTPA and three other residues formed

(a)

View Article Online

hydrogen bonds. BTPA possesses more interactive residues
than IPA, TPA or BIPA (Fig. 1c). The carboxylic acid group of
BTPA may participate in a salt bridge interaction with Arg205
of PHD3, and the benzotriazole moiety non-covalently inter-
acted with the iron and residues in the active site, as suggested
by previously published PHD2 structures (PDB ID: 30UJ).
Besides, the benzotriazole moiety might be involved in a water-
bridge interaction with Tyr125. Enzymatic assays showed that
BIPA and BTPA exhibited higher enzyme inhibitory activity
and binding affinity compared with IPA and TPA (Table 2,
Fig. S3ct and Fig. 2a). Particularly, unlike the 1-substituted
triazole (TPA), the inhibition potency of the benzotriazole
derivative (BTPA) was elevated by about one order of magni-
tude relative to the other three compounds (Table 2). Though
the inhibition potency of BIPA is lower than BTPA, this

(b)

(c)

BEBT

Argld4

&

Fig. 1 Representative predicted structures of azole compounds binding to the catalytic center of PHD3. Docking simulations were carried out by AutoDock Vina. (a and b)
Docked conformation of the BTPA (a)/BEBT (b)-PHD3 interactions shown by PyMOL. Iron is displayed in orange. Hydrogen bonds are shown as dashed lines (yellow). The
simulated PHD3 structure model is based on the crystal structure of the catalytic domain of PHD2 (PDB ID: 30UJ).3%3° Residues that interact with the ligand are shown as
lines. The docked inhibitors are shown as sticks. The compound colors are shown by element (C, cyan; H, white; N, blue; O, red). Labels are shown in white. (c and d) Analysis
of hydrogen bonds and hydrophobic interactions of BTPA (c)/BEBT (d) with residues in the PHD3 active site by LigPlot*.*® The data were derived from the molecular
modelling results simulated by AutoDock Vina.*' Hydrogen bonds are shown as dashed lines (olive green) and residues are labelled in green. Residues having hydrophobic
interactions with the ligand are shown as lashes (brick red) with their names labelled in black, and hydrophobic “bonds” are shown as dotted lines (brick red).
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Fig. 2 Representative graphs of the effects of azole compounds on the activity
and fluorescence of PHD3. (a and b) Inhibition of BTPA (a) and BEBT (b) on the
hydroxylation activity of PHD3. Incubations were carried out by mixing
all cofactors and substrates, together with increasing amounts of inhibitor
(0-100 puM). ICso values were estimated by dose regression of initial velocity
versus concentration of inhibitors. The data were analyzed as mean + S.D. of three
independent experiments. (c and d) Fluorescence quenching of BTPA (c) and BEBT
(d) on the PHD3-Fe?* complex. The fluorescence emission spectra were recorded
in 100 mM PBS (pH 7.0) at 37 °C. 5 uM PHD3 and 50 pM Fe?* were pre-incubated
on ice. The maximum A (emission) was quenched with increasing amounts of
compounds (0-100 pM) at the excitation wavelength of 280 nm. Inset: Hill plots
of the fluorescence quenching data at the maximum emission wavelength. The K4
values were estimated by fitting the Hill equation.*

substituted benzimidazole compound bound PHD3 as
strongly as BTPA, even in the presence of a co-substrate like
NOG (Table 2, Fig. S4a and S4bt). However, after removing the
propionyloxy moiety, BI and BT interacted with much fewer
residues of PHD3, and the predicted energies were accordingly
higher (Table 1, Fig. S2e and S2ff). In addition, BI and BT were
located far from the active site and were unable to interact with
iron (Fig. Sle and S1ff). Activity assays also confirmed that
100 uM benzimidazole (BI) and benzotriazole (BT) still failed
to bind PHD3 and significantly suppress the enzyme activity.
The significantly increased binding affinity of BTPA to PHD3 is
in agreement with the close association between binding
affinity and inhibitory potency studied before.* The benzox-
azole group plays an important role as a PHD3 inhibitor
scaffold but the moiety could not inhibit and bind PHD3 after
removing the carboxylic acid group.

Since the triazole or benzotriazole could also be subject to
forming hydrogen bonds as carboxylic acid motifs do, two new
compounds, TEB and BEBT, were obtained by replacing the
carboxyl group of BIPA with triazole and benzotriazole, aiming
to identify whether the propionyloxy moiety is necessary. As a
result, TEB and BEBT bound to PHD3 with notably lower
binding energies (Table 1). The N2 of TEB and N3 of BEBT were
located in the vicinity of the iron atom with possible secondary
bond distances of 2.7 and 2.5 A, respectively (Fig. S1dt and
Fig. 1b). The number of both hydrophobic interactions and
hydrogen bonds in the protein catalytic pocket were

This journal is © The Royal Society of Chemistry 2013
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substantially increased (Fig. S2dt and Fig. 1d). BEBT, which
bound to PHD3 with the lowest predicted energy of —9.3 kcal
mol ', especially interacted with many residues of the active
site. His196 of the iron active site and most residues (Met121,
Ile149, Tyr151, Leul65, Val198, Ala207 and Trp211) derived
from the B-strands, as compared with previous studies,*® sur-
rounded BEBT by forming a hydrophobic pocket. Arg205,
which interacts with the carboxyl moiety of 2-OG via electro-
static and hydrogen bonds, is also involved in the hydrophobic
pocket. In addition, Asp137, the residue of the iron binding
center, participates in hydrogen bonding (Asp137CO2-N5,
3.2 A). The ICs, values for TEB and BEBT were remarkably
lower than for BIPA, with a decrease of 70% and 50%,
respectively (Table 2, Fig. S3dt and Fig. 2b). These two
compounds bound the PHD3-Fe*" complex with a similar
affinity to BTPA (Fig. S3ht and Fig. 2d). Moreover, TEB and
BEBT also remained bound to the protein in the presence of
NOG (Table 2, Fig. S4c and S4d¥). The small molecule inhibi-
tors we designed herein demonstrate that the carboxylate
moiety is dispensable in the scaffold of PHD inhibitors, which
differs hugely from other PHD inhibitors reported to date. The
calculated secondary bond distances of Fe(u1)-C/Fe(u)-O/Fe(u)-
N are beyond the theoretical average coordination bond
lengths.* Thus all of the azole compounds in this paper non-
covalently interact with the residues in the catalytic pocket of
PHD3 rather than chelating the iron center directly. Finally, it
is worth mentioning that BTPA, TEB and BEBT have been
confirmed to be more potent inhibitors of PHD3 in vitro and
may change the protein conformation more evidently via non-
covalent interactions.

C1 C2 C3 C4 C5 C6 C7

p-Sheet
o
2

PHD3-Fe-NOG

0.5+

a-Helix

0.4-

0.3 3 B
PHD3 PHD3-Fe PHD3-Fe-NOG

Fig. 3 Estimation of the secondary structure contents of a PHD3/PHD3-Fe/
PHD3-Fe-NOG mixture by adding different azole compounds. The conforma-
tional changes of PHD3 were studied via CD spectrometry with different
combinations of azole compounds and co-substrates. (A1) Control 1, the
sample containing 4 uM PHD3. (A2-A7) In addition to the same components
added to control 1, 50 uM IPA, TPA, BIPA, BTPA, TEB and BEBT were added,
respectively. (B1) Control 2, the sample containing 4 uM PHD3 and 50 uM Fe?*.
(B2-B7) 50 uM Fe?* was added to the samples from A2-A7. (C1) Control 3, the
sample containing 4 uM PHD3, 50 uM Fe?* and 160 uM 2-OG. (C2-C7) 160 uM
2-0G was added to the samples from (B2-B5). All the mixtures were incubated
at 37 °C for 20 min before testing. The data was analyzed as mean =+ S.D. of at
least two independent experiments. The CD spectra were recorded at room
temperature.
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Inhibition mechanism

Effects of azole compounds on PHD3 conformational
change. Six azole compounds, which have inhibitory activities
against PHD3, were titrated individually into PHD3, PHD3-Fe**
and PHD3-Fe**-NOG. The resulting conformational changes of
the protein were studied by CD spectrometry (Fig. 3 and S57).
IPA and TPA hardly changed the CD spectra of PHD3 despite the
presence of the cofactors. In comparison, BIPA, BTPA, TEB and
BEBT affected the secondary structures of the protein and
protein—cofactor complexes more evidently. Notable B-sheet
increase and a-helix reduction of PHD3 and PHD3-Fe>*
complex were discerned in the presence of the four potent
inhibitors. Moreover, BIPA, BTPA, TEB and BEBT increased the
a-helix content and decreased the B-sheet of PHD3 even when
the protein had been stabilized by the co-substrate and Fe*",
BEBT altered the PHD3 secondary structures most significantly

View Article Online

without and with co-factors, while BIPA functioned less obvi-
ously. The CD spectra then proved the speculation derived from
the docking simulations that the interactions between potent
inhibitors and the residues of the PHD3 catalytic center affect
the conformation of the enzyme.

Stabilization of the PHD3 core domain towards trypsinolysis
by potent inhibitors. We applied the limited proteolysis/MALDI-
TOF-MS method to study the effects of BIPA, BTPA, TEB and
BEBT, which have been demonstrated to be more potent and
give rise to more enzyme conformation changes, on the stability
of the core domain of PHD3.* For comparison, PHD3-Fe>" and
PHD3-Fe®*"-2-OG mixtures were also digested. The resulting
~13 kDa fragment (Gly109-Arg226) was observed in the pres-
ence and absence of 2-OG (Fig. 4a). The proteolysis of the core
domain was decelerated more in the presence of 2-OG (24 h)
rather than in the absence of 2-OG (2 h) (Fig. 4b). The core
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Fig.4 Stability of the PHD3 core domain with different combinations of molecules. Representative MALDI-MS spectra revealing the stability to proteolysis of the PHD3
core domain with (a) no ligands, (b) 2-OG, (c) BIPA, (d) BTPA, (e) TEB and (f) BEBT. Core domain of PHD3 m/z = mass/charge (Da). The ~13 kDa fragment (Gly109—
Arg226) was observed. The differences in maximum peak height of the analyses under different conditions were normalized to the most intense peak in the full

spectrum. Data were plotted using Origin 8.5.
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domain became susceptible to trypsinolysis within 3 h with
BIPA, after more than 14 h with BTPA and TEB, and after over
24 h with BEBT (Fig. 4c-f). As studied before, the binding of
2-OG or an inhibitor significantly stabilized the core domain of
some 2-OG oxygenases.*” The stabilization of the enzyme
against proteolysis reflects the inhibition potency and binding
affinity of the inhibitors. The mass spectrometry herein inde-
pendently corroborated the observations from docking simu-
lations and enzymatic studies. The more potent inhibitors
(BTPA, TEB and BEBT) bound to the active site much more
tightly and consequently stabilized the core domain longer. The
stabilization possibly occurs through non-covalent interactions
between small molecules and the enzyme. Therefore, we
proposed an inhibition mechanism for these inhibitors, the
non-covalent binding of which to the PHD3 active site stabilized
the protein core domain in alternative conformations. Accord-
ingly, the enzyme deactivation originates from the structural
damages to the catalytic center.

Potency of azole compounds in cell-based assays

Cytotoxicity of azole compounds. We then investigated the
cytotoxicity of the azole compounds against NCI-H446 cells by
MTT cell viability assays. As shown in Fig. 5, TPA, BIPA and TEB
(from 0 to 200 uM) sustained a proliferation rate higher than
80% in our 24 h tests. More than 90% of the cells survived in the
presence of IPA, BTPA and BEBT at the same concentrations,
the increases of which did not noticeably enhance the inhibi-
tion , indicating a saturation effect. The upper limit of the
concentration range tested is significantly higher than for
compounds stabilizing HIF-1o. and the targeted genes. The
results reveal that the azole compounds barely brought about
any cytotoxicity.

Stabilization of the HIF-1a protein by azole compounds in
cultured cells. The cells were treated with six potent inhibitors.
HIF-1o. mRNA was detected by reverse transcription-PCR anal-
ysis and the presence of the protein was assessed by Western
blot because the abundance of HIF-1a reflects the PHD activity.
The levels of HIF-1a. stabilization in the cells treated with azole

100+
£ 954 1
g IPA
s x BEBT
3 % BTPA
= p
i TEB
3 TPA
85-
BIPA
80 . . y T T
0 50 100 150 200

Concentration / pM

Fig. 5 Effects of IPA, TPA, BIPA, BTPA, TEB and BEBT on the proliferation of NCI-
H446 cells. Proliferation rates after 24 h incubation with the inhibitors were
determined using the MTT assay and expressed as survival rates of cells. Data were
means =+ S.D. of at least three independent experiments.

This journal is © The Royal Society of Chemistry 2013
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compounds were compared to those in the untreated cells
under normoxic conditions. The gene expression of HIF-1a was
stable at the mRNA level (Fig. 6a and c). In the NCI-H446 cells
grown under normoxia, PHDs were fully active and the HIF-1a
protein levels from cell extracts were low. The HIF-1a protein
accumulated to various extents in the cells treated overnight
with the six azole compounds (Fig. 6b and d). The HIF-1a
protein was up-regulated maximally by BEBT (~one fold)
compared with other compounds. IPA also caused an evident
HIF stabilization.

Stimulation of HIF target genes in cultured cells. Given that
the azole compounds changed the HIF-1a accumulation, we
then explored HIF signalling by examining the mRNA levels of
several known HIF target genes in the cells exposed to the
inhibitors to demonstrate that HIF was transcriptionally active
(Fig. 6a). Particularly we selected glucose transporter-1 (GLUT-1)
and vascular endothelial growth factor (VEGF), which were
reported as the HIF regulated genes promoting the survival of
cells under oxidative stress.*** The azole compounds induced
mRNA production through GLUT-1 gene expression in distinc-
tively different degrees, among which TEB and BEBT caused the
most significant GLUT-1 gene stimulation (Fig. 6e). By dosing
TEB, approximately two-fold of GLUT-1 was induced compared
with untreated cells. In addition, adding BEBT induced GLUT-1
mRNA even more markedly (2.5 fold) under identical experi-
mental conditions. All six compounds drove robust mRNA
induction of VEGF (Fig. 6g). TPA, BIPA, BTPA, TEB and BEBT
similarly promoted VEGF mRNA. The effects of azole
compounds with respect to VEGF and GLUT regulation at the
protein level were also characterized (Fig. 6b). As expected, the
aggregation of HIF-1a protein was accompanied by an obvious
enhancement of GLUT-1 expression in the azole compounds
treated-cells compared to that in the control group (Fig. 6f).
BEBT increased GLUT-1 by almost four-fold at the same protein
levels, relative to the one- to two-fold stimulation of GLUT-1
protein by the other five compounds. In addition, the cells were
treated with six azole compounds and VEGF was measured in
the cell culture supernatants using an enzyme-linked immu-
nosorbent assay (ELISA) kit. All six azole compounds increased
the secretion of VEGF significantly (p < 0.01), compared to the
control (Fig. 6h). The VEGF levels in the medium, which were
also highest in response to BEBT, were elevated by two fold
compared with the control.

Hypoxia causes GLUT-1 overexpression, thereby resulting in
the elevation of glucose metabolism which enhances expression
of VEGF.*>** Moreover, the expression of VEGF by HIF activation
facilitates angiogenic responses.” The significant induction of
GLUT-1 and VEGF induced by azole derivatives at both mRNA
and protein levels are attributed to the elevated transcription
through HIF-dependent pathway. The present study demon-
strates that activating HIF and modulating HIF-regulated genes
by azole compounds is a feasible strategy, effective and nontoxic
in cells, suggesting that these novel PHD inhibitors can enhance
angiogenesis and glucose transport to mimic cellular hypoxia.
Interestingly, our results may possibly provide novel downstream
targets for available N-substituted azole compounds capable of
treating ischemia associated diseases.* It is important to state
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Fig.6 Characterization of the HIF response in NCI-H446 cells after 12 h exposure to the inhibitors. (a) HIF-1a. and HIF target genes mRNA levels in H446 cells measured
by reverse transcription-PCR. (b) HIF-1e. and GLUT-1 protein in H446 cells measured by Western blot. (c and d) Analysis of stabilized HIF-1a. mRNA (c) and protein (d)
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that BEBT, one of the effective PHD3 inhibitors in vitro, stimu-
lated the HIF activity most significantly in cells. None of other
potent inhibitors in vitro (BTPA and TEB) managed to stabilize
HIF and induce the downstream genes to the same degree as
BEBT. In addition, despite stabilizing the HIF-1o. protein to a
certain extent in cells, IPA has low inhibition potency against
PHD3 in vitro, and should be excluded from leading compounds
design. Accordingly, our data reveal the possibility that the non-
carboxylate inhibitor BEBT, which integrates the binding affinity
of benzimidazole and the inhibition potency of benzotriazole,
stimulates the HIF-related pathway via PHD inhibition rather
than chelating iron in the enzyme active site. Therefore, struc-
turally desirable non-iron chelating azole compounds like BEBT
are of therapeutic significance for hypoxia-related diseases.

Conclusions

This study has explored the influences of different motifs of
azole compounds on PHD3 structure and activity through
computational, enzymatic and cell-based methods. These novel
PHD3 inhibitors destroy the protein conformation by non-
covalently binding to the enzyme active site, which conse-
quently inactivates the catalysis. We have discovered that BEBT,
without sharing an iron-chelating motif like most reported PHD
inhibitors, is the most potent HIF activator stabilizing the HIF-
1o protein levels and inducing HIF target genes in cellular
systems. The study provides sound evidence for the down-
stream effect of PHD3 inhibition by this novel azole compound.
Clarifying the binding and inhibition mechanisms of non-
metal-chelating azole compounds as novel PHD inhibitors
provides insightful information for rationally designing small
molecule probes that activate HIF and minimize metal-related
side effects in life processes. Meanwhile, the structural basis of
azole compound BEBT can be exploited for the future design of
more effective pharmaceutical agents for hypoxia related
diseases.
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